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Midinfrared emission from InGaNÕGaN-based light-emitting diodes
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Midinfrared emissionon violet, blue, and greenInGaN light-emitting diodeshasbeenmeasured
between85 and 300 K for various injection currentdensities.We found that the diode with the
highestIn compositionin the activeregionhadthe shortestmidinfraredemissionwavelengthand
vice versa.With increasingIn content,a significantlydecreasingamountof TM polarizationwas
observedin themidinfraredemissionspectrum.This resultsuggeststhat thedensityof statesin the
higher-In content devices correspondsto a zero-dimensionalelectronic system rather than a
two-dimensionalelectrongas.In contrastto this, the violet light-emitting diodeexhibiteda higher
degreeof TM polarization;similar to a red InGaP-basedquantum-welldevice.
In recentyears,therehasbeenan increasinginterestin
midinfrared ~mid-IR! quantum-cascade~QC! light sources,
especiallyfor applicationsin environmentalsensors.1,2 Up to
this point, QC lasersfabricatedfrom theInGaAs/InAlAsand
GaAs/AlGaAsmaterial systemshavebeendemonstrated.3,4

The InGaAs/InAlAs-baseddeviceshave alreadyreacheda
high level of maturity andarecommerciallyavailable.Nev-
ertheless,there is an ongoing interestfor the identification
and implementationof new materialsystemsother than the
onesmentionedabove.More particularly,thereexists,sofar,
no QC light sourcewith anemissionwavelengthshorterthan
3.4 mm. This shortestwavelengthwasachievedwith strain-
compensatedInGaAs/InAlAs, which hasa conduction-band
discontinuityof 740meV.5 For the III nitrides,thecombina-
tion of GaNandAlGaN would offer alreadymorethan1 eV
conduction-banddiscontinuity.For thesereasons,severalre-
searchgroupsare looking into the issuewhetherthe III ni-
tridescould be successfullyimplementedasa basematerial
for shorter-wavelengthQC light emitters.

For a mid-IR intersubbandtransition taking place in a
quantumwell ~QW!, one expects,due to the polarization
selectionrule, a strongly TM-polarized edgeemission.On
the other hand, a device with a bulk active region would
show no suchpolarizationeffect. Moreover,becauseof the
rectangularshapeof an ideal QW, only weak band filling
shouldoccurat low-injection-currentdensities.As two typi-
cal, well-understoodexamples,we investigatedthe mid-IR
emissionof red InGaP-basedLEDs with both a QW and a
bulk activeregion.The former devicewasstronglyTM po-
larized and showedalmostno bandfilling, while the latter
was basically unpolarized.Similarly, our mid-IR lumines-
cenceexperimentson InGaN-basedmaterialdid not clearly
revealthe TM-polarizationselection;neitherdid we seethe
expectedweak band filling. According to Refs. 6 and 7,
InGaN with high-In mole fraction tendsto phaseseparate
alreadyduring growth. This phenomenahasbeendescribed
by severalauthorsusing transmissionelectronmicroscopy,
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x-ray diffraction, absorptionmeasurements,and also lumi-
nescencestudies.6–8 In orderto confirma dependenceon the
In molefractionin theactiveregion,we will comparenitride
LEDs with different In compositions.9,10

The LEDs we investigatedhavean InGaN-basedactive
regionandemit violet (l5400nm), blue(l5475nm), and
green(l5525nm) light. For comparison,we studiedalso
the behaviorof a red InGaP(l5670nm) LED. The visible
emissionspectraof thesesampleshavebeenmeasuredusing
a Jobin–Yvon gratingspectrometerwith a focal distanceof
0.4 m. Theviolet, blue,andgreenLEDs werepumpedat 80,
160, and 240 mA and the red one at 20, 40, and 60 mA.
Taking into accountthe different active areasof the four
LEDs, this correspondsto maximal currentdensitiesof 1.0
kA/cm2 ~violet!, 0.6 kA/cm2 ~blue/green!, and 1.2 kA/cm2

~red!, respectively.The emissionspectraof all LEDs arere-
portedin Fig. 1. For the blue/greenInGaN-basedLEDs, we
seea substantialshift towardshigherenergieswhendriving
the devicesat higher-injectioncurrents,whereasthe violet
and the red LEDs exhibit a small wavelengthshift towards

FIG. 1. Visible emissionspectraof the interbandelectroluminescencemea-
suredon violet, blue,andgreenInGaN-based,andred InGaP-basedLEDs.
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lower energies.The high-energyshift of the blue andgreen
LEDs is essentiallyunderstoodasa band-fillingeffect.If the
active region were an ideal QW, then the densityof states
would be constantandthe effect shouldbe muchweaker.A
certain effect of the internal piezoelectricfield, which is
screenedunder high carrier injection, cannotbe excluded;
however, this effect is usually rather small for narrow
QWs.11 Theredshiftof the luminescencepeakin theredand
violet LEDs canbeexplainedby analmostcompleteabsence
of band filling and the dominanceof band-gapshrinkage.
Thedifferencein thespectralwidth of theredandtheviolet/
blue/greendevicesis alsoan indicationfor thedifferentden-
sity of statesin the two sorts of active regions.Since the
bandsof the red InGaPand the violet InGaN LEDs do not
fill quickly, there will be mainly band-edgeto band-edge
recombination,which resultsin a narrowenergyrangeof the
luminescence.On theotherhand,themorequantum-box-like
density of statesof the blue/greenInGaN LEDs leads to
rapid bandfilling, andthusto a much largervariety of pos-
sible transition energies.The InGaN/GaN material system
itself showsan increasingtendencyto phaseseparatewhen
increasingthe In content;12 therefore,the quite considerable
differencein spectralwidth betweenviolet, blue, andgreen
LEDs canbeunderstoodon thebaseof this argumentationas
well.

According to Ref. 13, onecanmeasurethe carrier tem-
peratureof a two-dimensionalelectrongasin a QW by de-
termining the slope of the exponentialdecayon the high-
energy tail of the visible emissionpeak. Since the active
region of the blue/greenInGaN LEDs forms not an ideal
QW, their high-energyslopeson the luminescencepeakcor-
respond,asexpected,to a too high electronictemperatureof
550K. Similarly, if onetries to measurethecarriertempera-
ture on the electroluminescencedataof O’Donnell, Martin,
and Middleton,8 one finds a carrier temperatureof 110 K.
The reasonfor the inaccuratecarrier temperaturemeasure-
ment is the modified ~not constant! densityof statesin the
highly phase-separatedactive material of the blue/green
LEDs. In contrastto this, the violet/redLEDs exhibit a car-
rier temperatureof 330 K, which is only about20 K higher
than the estimatedvalue of the lattice temperature.Evi-
dently, violet/red LEDs show a QW-like behavior,whereas
the active region of blue/greenLEDs seemsto consistof a
morequantum-box-likematerial.

In orderto successfullymeasurea mid-IR emissionfrom
the commercialblue/greendevices,it was necessaryto re-
movetheir plasticcaps.The deviceswerethenplacedinto a
temperature-controlledN2 flow cryostat.The light from the
edge was collected by f /0.8 optics and fed into a high-
resolution Fourier transform spectrometer ~Nicolet
Magna-IR 860!, where we detected it using a liquid-
nitrogen-cooledHgCdTedetector.For theseexperiments,we
usedcurrentpulsesof 5 ms, anda pulserepetitionfrequency
of 100 kHz.

Edge emissionmid-IR luminescencespectraat 85 and
300 K for violet, blue, green,and red LEDs are shown in
Fig. 2. At room temperature,we observedpeakenergiesof
1650, 1800, and 1950 cm21 for the violet, blue, and green
LEDs, respectively.As for the visible emission, there is
againa correlationbetweenthe bandgapand transitionen-
ergy. But this time, the situationis inverseto what wasde-
scribedabove.A higher-Incontentof theactiveregionleads
to deeperQWs,andtherefore,to largertransitionenergies,as
illustratedby the insetsof Fig. 2. Taking into accountthat,
for thesedevices,a QW is a ratherpoorapproximation,good
agreementwasfound betweenthe measuredemissionpeaks
and the calculatedtransitionenergies.The calculatedemis-
sion wavelengthsfor transitionsbetweenthe first excited
stateandthe electronicgroundstatewere1720,2000,2180
cm21 for the violet, blue,andgreenLEDs, respectively.

At 85 K, the emission of all devices becamemuch
weakerandwaspartially maskedby backgroundblackbody
radiation.A similar decreaseof populationefficiency, and
thus intersubbandluminescenceintensity at lower device
temperature,hasbeendescribedon optically pumpedGaAs
QWs.14 This observationconfirmsthat the excitedstatesof
our LEDs are populatedmainly by band filling combined
with electronheating.In fact, the high-injectionvoltageof
almost8 V at 240 mA will certainly result in electronheat-
ing, as indicatedby the carrier temperaturemeasurementon
the violet LED. Furthermore,becauseof the interbandre-
combinationlifetime being much longer than the intersub-
band lifetime, a significant population of the electronic
groundstateis expected.Accordingly,theobservedintersub-
bandemissionis not stimulatedbut spontaneous.Finally, it
is knownthattheinterbandradiativeratedropswith decreas-
ing temperaturedue to p-type carrier freeze-out.Therefore,
we expect a less efficient depopulation of the lowest
conduction-bandstateat reducedtemperature;leading to a
smallerintersubbandsignal.

A closer look at the mid-IR signal of the violet LED
revealsthat theemissionaround1000cm21, which becomes
dominantat 85 K, is mainly due to electronheating.Al-
thoughit occursonly asa small shoulderon thehigh-energy
sideof the blackbodyemission,the real intersubbandsignal

FIG. 2. Midinfrared intersubbandluminescencespectraof violet, blue,
green,and red LEDs at 85 and at 300 K. The inset show the QWs with
calculated wave functions for each device. We used d530Å , DEc

5375meV for the violet; d535Å , DEc5620meV for the blue; d
535Å , DEc5820meV for the green;and d565Å , DEc5335meV for
the red LED.
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is still presentat low temperatureand has not changedits
position.Thesharpdecreaseat the low-energysideof the85
K violet LED spectrumcouldbetheresultof phononabsorp-
tion in the material.15,16 The LO/TO phonon frequencies
citedin theliteratureare710/741and478/694cm21 for GaN
and InN, respectively.Especiallyfor the blue/greenLEDs,
thereare additionalabsorptionfeaturesat 1550, 1650, and
2350 cm21, which are due to water absorption.For the red
LED, we finally calculated three bound states in the
conduction-bandQW. Theuppermoststateis almostashigh
asthebarriergroundstate.Thelower transitionenergy~1064
cm21! agreesthus quite well with the position of the emis-
sion peakat 85 K ~1100 cm21!. At room temperature,the
signalbecomesvery broad;this is most likely dueto a tran-
sition from thecontinuuminto thefirst excitedstateanddue
to electronicblackbodyradiation.

In Fig. 3, we presentthe TM- andTE-polarizedmid-IR
edgeemissionspectraof all four LEDs. The InGaN-based
devicesshowedandecreasingTM:TE-polarizationratio with
higher-In content.While the violet LED exhibiteda polar-
ization ratio of about3.5:1, this numberdroppedto 2.75:1
for theblueandto 2.25:1for thegreenLED. Thedecreasing
TM polarization,especiallyof the blue/greenInGaN LEDs,
is an indication for an intersubbandemission originating
from quantumboxesratherthanQWs.In contrastto this, the
red InGaPQW LED exhibiteda significantly strongerTM
polarization,at a ratio of about10:1. For intersubbandtran-
sitions in a QW, the polarizationselectionrule dictatesthat
the radiationfrom the edgebe purely TM polarized.

Onecould arguewhetherthe observedsignalsmight be
due to transitions into midgap impurity levels. However,
such transitionsusually lead to an unpolarized,yellowish
emissionat much higher energies,around1–2 eV. This is
known from the literature,wheremost of the typical impu-
rities arereportedto be locatedeitherfar from or very close
to the bandedges.Mg, for instance,which is the shallowest
acceptor,is locatedabout200 meV abovethe valence-band
edge.On the otherhand,the nitrogenvacancy,a very com-
mon defect in p-type GaN, is only 30 meV below the

FIG. 3. TM- andTE-polarizedelectroluminescencespectraof violet, blue,
and green InGaN-based,and red InGaP-basedLEDs. The bottom figure
showsa Planck curveat 300 K anda differential Planckcurvefor 330/300
K.
conduction-bandedge.17,18 For n-type GaN, Si is the most
commonlyuseddopant;its separationfrom the conduction-
bandedgeis about42 meV.19 Since,in addition,our mid-IR
emissiondependson thebandgapof the InGaNusedfor the
activeregion,we do not believewe haveobservedimpurity-
relatedradiation.

In orderto rule out simpledeviceheatingasthecauseof
the observedmid-IR radiation, we comparein Fig. 3 the
room-temperaturemid-IR emissionspectrumof all LEDs
with a Planckspectraldistributionat 300K anda differential
Planck curve, which was achievedby subtractionof two
Planck curvesat 330 and at 300 K. It is obvious that the
Planckcurvesare,in general,broaderthanour mid-IR emis-
sion spectra; in addition, they peak at different energies
~1000and1200cm21!.

In conclusion,we havepresenteda comparisonbetween
InGaN/GaN-basedLEDs with a different In contentof the
active region.Mid-IR electroluminescencewith peakwave-
lengthsof 1650,1800,1950 and 1200 cm21 for the violet,
blue,green,andredLEDs wereobserved.While themid-IR
emissionof the red InGaPLED wasstronglyTM polarized,
theInGaNdevicesshoweda decreasingdegreeof TM polar-
ization with increasingIn content.Consideringall experi-
mentalfacts, it is likely that the observedmid-IR electrolu-
minescencehas its origin from an active region which
containshighly phase-separatedInGaN ~quantumboxes!.
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